Effective Passivation of Black Silicon Surfaces via PlasmaEnhanced Chemical Vapor Deposition Grown Conformal Hydrogenated Amorphous Silicon Layer
Engin Özkol,* Paul Procel, Yifeng Zhao, Luana Mazzarella, Rostislav Medlin, Pavol Šutta, Olindo Isabella, and Miro Zeman Solar cells based on black silicon (b-Si) are proven to be promising in photovoltaics (PVs) by exceeding 22% efficiency. To reach high efficiencies with b-Si surfaces, the most crucial step is the effective surface passivation. Up to now, the highest effective minority carrier lifetimes are achieved with atomic layer-deposited Al 2 O 3 or thermal SiO 2 . Plasma-enhanced chemical vapor deposition (PECVD)-grown hydrogenated amorphous silicon (a-Si:H) passivation of b-Si is seldom reported due to conformality problems. In this current study, b-Si surfaces superposed on standard pyramidal textures, also known as modulated surface textures (MSTs), are successfully passivated by PECVD-grown conformal layers of a-Si:H. It is shown that under proper plasma-processing conditions, the effective minority carrier lifetimes of samples endowed with front MST and rear standard pyramidal textures can reach up to 2.3 ms. A route to the conformal growth is described and developed by transmission electron microscopic (TEM) images. Passivated MST samples exhibit less than 4% reflection in a wide spectral range from 430 to 1020 nm.
Black silicon (b-Si) refers to high-aspect ratio nano-and/or micro-textured features on silicon surface. This textured surface effectively suppresses reflection, thus the material appears black to the naked eye. The b-Si has several remarkable properties, such as low reflectance, large and chemically active surface area, and super-hydrophobicity. [1, 2] Consequently, b-Si has a potential for a wide range of applications, such as self-cleaning surfaces, [3, 4] microelectromechanical systems (MEMS), [5, 6] chemical and bio-sensors, [7] [8] [9] drug analysis, [10, 11] antibacterial surfaces, [12, 13] and optoelectronic and photonic devices. [14] [15] [16] Several fabrication techniques are employed for b-Si formation such as electrochemical etching, [17] [18] [19] stain etching, [20, 21] metal-assisted chemical etching (MACE or MAE), [22] [23] [24] [25] [26] [27] [28] and reactive-ion etching (RIE). [29] [30] [31] Among these techniques, RIE has the advantages of fast and maskless processing, independency of crystalline orientation, and cost efficiency. [32] The b-Si has been recently proven as an excellent surface functionalization of crystalline silicon (c-Si) material for photovoltaic (PV) technology in both front/back-contacted (FBC) [25] and interdigitated back-contacted (IBC) [33] architectures, enabling conversion efficiency beyond 22% in both mono [34] and multi-c-Si. [35] The b-Si has the potential to reduce the reflection to even below 1%, [36] while enhancing the scattering and absorption of light when combined with microscale surface features, such as the standard pyramidal texture. [33, 37] It overall acts as a multi-anti-reflection coating (MARC) by smoothly matching the refractive index of c-Si with that of the incident medium (e.g., air). [38] As there is no need for an ARC layer, the b-Si may reduce the manufacturing cost of solar cells. However, the etching of silicon surface enhances the surface recombination velocity (SRV) and possibly lowers the bulk lifetime by increasing the surface area and introducing defects during b-Si fabrication process. Therefore, effective passivation of b-Si structures is the key issue to overcome this drawback.
Up to now, three of the four most common passivation materials employed in c-Si PV technology have been reported to passivate b-Si surfaces: SiN x , [39, 40] SiO 2 , [41, 42] and Al 2 O 3 , [43, 44] or their combinations. [45, 46] The usage of the fourth material, hydrogenated amorphous silicon (a-Si:H), is recently being investigated, albeit so far only applied on MAE [47] and cryogenic RIE-based b-Si, [48] successfully. Liu et al. [22] demonstrated the conformality issue of SiN x layer deposited by plasma-enhanced chemical vapor deposition (PECVD) on b-Si surface and put forward a SiO 2 /SiN x stack for passivation. Khandelwal et al. [49] reported an effective lifetime of 1092 μs with thermal SiO 2 passivation layer and flat-passivated rear side. Otto et al. [50] reached 1475 μs lifetime on "intermediate" aspect ratio (about 4) b-Si surfaces passivated by Al 2 O 3 . Repo et al. [36] showed that with atomic layer deposition (ALD)-deposited Al 2 O 3 , the effective lifetime of minority carriers is in the order of milliseconds. Recently, transition metal oxides such as TiO 2 , [51] Al 2 O 3 /TiO 2 stack, [52] and HfO 2 [53] are reported to be promising passivation materials for b-Si surfaces.
In this work, b-Si surfaces superposed on standard microscale pyramidal textures (hereinafter referred as "modulated surface texture," MST) are passivated by low-temperature conformal layers of a-Si:H grown by means of PECVD technique. Although a-Si:H exhibits strong parasitic absorption, it is reported that the carrier injection efficiency of a-Si:H to c-Si is 100%, [54] which makes it a strong candidate for surface passivation. It is shown that the effective minority carrier lifetimes of the MST samples can reach values in the millisecond range. Methodology and results reported in this contribution enable the deployment of the b-Si as front surface functionalization in high-efficiency FBC and IBC c-Si solar cells manufactured at low thermal budget, such as those architecture based on heterojunction technology.
MST surfaces were fabricated by superposing dry-etched nanotexture (b-Si) on wet-etched microtextures (standard pyramids). To passivate the MST surfaces, a-Si:H layers were deposited via PECVD under several plasma conditions. Scanning electron microscopy (SEM) images taken at a tilt angle of 45 are reported in Figure 1 , showing the morphology of the passivated samples for multiple magnifications. Both micro and nanotextures can be distinguished from lower magnification. High aspect ratio of MST structure can be visualized from the magnified area of SEM image.
The 50 nm thick a-Si:H films were deposited on MST samples to passivate the surfaces. The a-Si:H layer was deposited under 13 mW cm Figure 2 , the reflectance of bare and SiN x -coated microtextures as well as bare MST and a-Si: H-passivated MST is plotted. The optical impact of MST, when compared with only microtextures for all wavelength spectrum, is obvious, reducing the reflection to less than 4% in the wavelength range between 430 and 1020 nm. In the magnified inset figure, the reflection spectra of SiN x -coated microtextures as well as bare MST and a-Si:H-passivated MST are plotted. Although SiN x -coated microtextures show-as expected-anti-reflection effect in the wavelength range between 480 and 650 nm, the MST-based textures exhibit less than 4% reflection. In contrast, in the range of 750-1020 nm, both MST samples show superior and broadband optical properties when compared with SiN x -coated microtextures.
In chemical vapor deposition (CVD) processes, there are two main mechanisms that determine the film deposition rate: 1) mass transport and 2) surface reaction. To maintain conformal growth on complex and high aspect ratio structures such as MST, surface reaction should be suppressed with respect to mass transport. Otherwise, the film growth starts at the tips of the needle-like structure and the radicals cannot be transported inside valleys. As a result, film growth leaves voids in the valleys. This issue is demonstrated by Liu et al. and defined as "naked silicon surface." [22] To overcome void formation beneath the passivation layer, surface reaction should be limited to a minimum. The surface reaction flux depends strongly on surface temperature, whereas the temperature dependency of mass transport flux can be considered to be negligible. [55] Therefore, surface temperature is the key point for conformal growth.
To minimize the surface reaction rate and thus obtain denser films, temperature of the surface and the radical temperature in the plasma state should be kept as low as possible. In PECVD systems, this can be practically controlled by working under low-power regimes and/or reducing the substrate temperature. Next to that, to achieve high-quality surface passivation, the plasma gaseous composition has to be taken into consideration.
In our experiments, applied RF power density was kept constant at 13 mW cm
À2
. This power is the minimum value for stable plasma conditions and uniform film deposition at a moderate pressure of 0.7 mbar and constant electrode distance of 10 mm in our PECVD chamber. Reducing the power even more resulted in nonuniformly distributed and unstable glow discharges. Although the deposition rates are low, setting such minimum power conditions, the deposited films are more defect-free (i.e., less voids) as expected from Paschen's curve of silane glow discharge. [56] Paschen's law simply defines the breakdown voltage of a gaseous mixture as a function of electrode distance (d) and pressure (p). It was observed that for low p·d product and power region, more SiH 3 radicals are produced in silane discharge, [57] whereas at higher p·d product and power regions, SiH 2 and 
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SiH radical formation is enhanced. As a result, under this minimum process parameter conditions, the probability of SiH 3 radical formation is greatly enhanced with respect to SiH 2 and SiH radical formation, leading to fine passivation of silicon surfaces. [58, 59] One of the most crucial parameters in a-Si:H passivation is the hydrogen dilution in the gas mixture. [60] [61] [62] [63] It is known that the H atoms and SiH 3 radicals play an important role in plasma chemistry, thus the passivation. [60, 64] Thus, it is crucial to determine the optimum hydrogen to silane dilution ratio (R ¼ [H 2 ]/[SiH 4 ]). It was observed that R values higher than 5 may cause epitaxial growth. [65] This epitaxial growth circumstance should be avoided as it is detrimental for surface passivation quality. [66] Thus, the dilution ratio range was selected to be between 0 and 5. The effect of dilution ratio on the effective lifetime is illustrated in Figure 3 . It is clearly seen that for the fixed plasma conditions of 13 mW cm À2 , 0.7 mbar and 180 C, the best passivation is observed for a dilution ratio R ¼ 3, yielding τ eff ¼ 2.2 ms with an i-Voc around 720 mV. To have a better understanding of passivation quality of the MST side of the wafer, front (MST) SRVs are calculated according to Equation (1) [33] 
where d is the wafer thickness, D is the diffusion constant of the excess carriers, and S B eff is the back and S F eff is the front (MST) SRV.
S B
eff is determined by Equation (2) from symmetrical a-Si:H deposition on double side textured (i.e., no MST) wafers.
The effective minority carrier lifetimes at an injection level of 1 Â 10 15 cm À3 and calculated back (DST) and front (MST) surface recombination values are listed in Table 1 with respect to silane to hydrogen dilution ratio. The lowest SRV of MST surface S F eff is 9.4 cm s À1 obtained at a dilution ratio of 3. To further reduce surface reaction rate, substrate temperature should be lowered. Therefore, substrate temperature was reduced down to 120 C as a proof of concept. In Figure 4 , the effect of the surface temperature on surface passivation can be visualized. Reducing the temperature limits the surface reaction rate; however, at low surface temperatures, SiH 3 and hydrogen mobility are hindered in the deposited film. Thus, it is observed that the passivation quality gets lower for temperatures lower than 160 C. Exceeding this temperature, the calculated SRV of MST (S and around 2.3 ms, respectively. In Table 1 , τ eff and calculated back (DST) and front (MST) surface recombination values according to various surface temperatures are listed.
In most of the silicon heterojunction (SHJ) solar cell fabrication processes, the required temperature is around or slightly below 200 C. Therefore, a post-annealing study was also conducted and the results are shown in Figure 5 . Before the annealing step, samples were kept under air atmosphere for 1 week. This period caused a degradation of lifetime from 2.2 to 1.8 ms. Nevertheless, annealing the samples at deposition temperature (180 C) under Hydrogen flow in our PECVD chamber for 15 min has recovered the passivation quality and furthermore slightly increased the effective lifetime to 2.4 ms. However, increasing the annealing duration to 30 min at deposition temperature or annealing at higher temperatures had detrimental effects on passivation quality.
To investigate the conformality and the thickness of the deposited a-Si:H film on MST samples, transmission electron microscopic (TEM) analysis was performed. In Figure 6 , TEM images of the samples that have been deposited at 120, 180, and 200 C are shown. It is clearly seen that there is no conformality issue of PECVD-grown a-Si:H layer deposited at 120 C. No void formation beneath the a-Si:H layers is observed from Figure 6a ,b. The average thickness of the a-Si:H film is determined to be 45.5 AE 10 nm on the surfaces of the textures, and 55 AE 10 nm at the "valleys" and "peaks". We speculate that the thickness disuniformity arises from the variant resident times of the molecules inside such a complex structure. In other words, the radicals that are on the surfaces can be pumped away smoothly, whereas the radicals that are transported inside the nanovalleys are "trapped." Therefore, the surface concentration of the molecules inside the cavities increases. This accumulation leads in higher surface reaction rates and thus thicker films, as explained by mass transfer basics. Therefore, to obtain higher conformality, the balance between mass transport and surface reaction rate has to be adjusted in favor of surface reaction mechanism.
In Figure 6c ,d, we observed the formation of bright areas between a-Si:H when the surface temperature is above 180
C. This bright area is attributed to a void formation inside the passivation layer. This voids can be clearly seen in Figure 6e ,f at which the surface temperature is risen up to 200 C. At moderately high temperatures (i.e., 200 C), the mass transport of molecules to the "valleys" is suppressed by surface reaction at the tip of the nanotextures. This phenomena leads to merging of the adjoining films growing at the tips of the textures and leaving a void beneath. Although these voids leave no "naked silicon surfaces," they will be an issue considering especially FBC-stacked SHJ structures. To overcome the void formation, surface reaction should be controlled precisely for high aspect ratio structures or thinner a-Si:H films (which is essential for high-efficiency SHJ solar cells) should be deposited for similar aspect ratio structures as in this study.
As a result, a trade-off between enhanced passivation and conformal growth for high aspect ratio structures is demonstrated.
In this contribution, modulated surface-textured samples (b-Si on microscale pyramids) exhibit less than 4% reflection in a wide spectral range from 430 to 1020 nm. The MST samples are passivated by PECVD-grown a-Si:H layers. Plasma-processing conditions are tuned according to mass transfer basics, Paschen's curve basics, and SiH 3 radical formation kinetics. Before conducting gas flow ratio and temperature optimizations, the applied RF power density and deposition pressure are fixed to 13 mW cm
À2
and 0.7 mbar, respectively. The desired hydrogen-to-silane dilution ratio is found to be 3 under this plasma regime to obtain good passivation. At the substrate temperature of 180 C, the highest effective minority carrier lifetime of 2.3 ms is achieved. The conformality issue and void formation of PECVD technique for high aspect ratio structures at moderately high temperatures (around 200 C) are observed and demonstrated by TEM images. A route to overcome conformality issue is described based on mass transfer basics. A trade-off between conformal growth and enhanced surface passivation for high aspect ratio textures is demonstrated.
Experimental Section
Double-side polished, n-type, <100> oriented, 4 in. wide float zone c-Si wafers with a thickness of 280 AE 20 μm and a resistivity of 1-5 Ω cm were used in this study. First, standard microscale texturing was performed with tetramethylammonium hydroxide (TMAH) solution on both sides of the wafers. Formation of b-Si on one side of the wafer was performed via a Drytek RIE equipment with SF 6 and O 2 gas mixture. After defect removal etching (DRE) and cleaning processes, so-called MST samples were obtained. The MST samples used in this work are visualized in Figure 7 . Details about texturing, RIE, DRE, and cleaning processes can be found elsewhere. [33, 67] The reflectance of the samples was measured by a Perkin Elmer Lambda 950 spectrophotometer.
RF-driven PECVD system with an electrode distance of 10 mm was used to deposit 50 nm thick a-Si:H layers. Thickness measurements were conducted by a Woollam EC-400 spectroscopic ellipsometer (SE) on films deposited on flat Corning Eagle XG glass substrates. The enlargement area factor, which is the ratio between the effective area of textured surface to the projected area on a flat surface, of MST surface is taken as 7 while adjusting the film thickness on MST surfaces for the passivation tests. This numerical factor is based on the enlargement factor of b-Si on flat interface [33] (%4) multiplied by 1.7, as representative of the enlargement factor of standard pyramidal texture. To optimize the passivation, the effects of hydrogen-tosilane volumetric flow rate ratio (R) and substrate temperature were investigated during the experiments. Applied RF power density was kept at the minimum uniform plasma ignition value of 13 mW cm À2 , according to preliminary results. The deposition pressure and total flow rate of the gas mixture are fixed at 0.7 mbar and 40 sccm, respectively. Under these fixed parameters and constant electrode distance, the thickness uniformity is preserved for an area of 100 cm 2 . For high-and low-pressure regimes (at constant electrode distance), the thickness uniformity is lost as explained by Paschen's curve. Mass transfer basics, Paschen's curve, and SiH 3 radical formation kinetics were taken into consideration for this study. The deposition parameters are tabulated in Table 2 .
To determine the morphology of the MST surface, JEOL JSM-7600F SEM was used. Thickness and conformality of the deposited films were determined by high-resolution transmission electron microscopy (HRTEM). Sinton Consulting WTC-120 photoconductance decay lifetime tester was used to measure the effective lifetime (τ eff ) of the passivated samples in transient mode at an injection level of 1 Â 10 15 cm À3 .
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